Liver kinase B1 (LKB1) and its downstream effector AMP-activated protein kinase (AMPK) play critical roles in polarity establishment by regulating membrane trafficking and energy metabolism. In collagen sandwich-cultured hepatocytes, loss of LKB1 or AMPK impaired apical ABCB11 (Bsep) trafficking and bile canalicular formation. In the present study, we used liver-specific (albumin-Cre) LKB1 knockout mice (LKB1 2/2 ) to investigate the role of LKB1 in the maintenance of functional tight junction (TJ) in vivo. Transmission electron microscopy examination revealed that hepatocyte apical membrane with microvilli substantially extended into the basolateral domain of LKB1 2/2 livers. Immunofluorescence studies revealed that loss of LKB1 led to longer and wider canalicular structures correlating with mislocalization of the junctional protein, cingulin. To test junctional function, we used intravital microscopy to quantify the transport kinetics of 6-carboxyfluorescein diacetate (6-CFDA), which is processed in hepatocytes into its fluorescent derivative 6-carboxyfluorescein (6-CF) and secreted into the canaliculi. In LKB1 2/2 mice, 6-CF remained largely in hepatocytes, canalicular secretion was delayed, and 6-CF appeared in the blood. To test whether 6-CF was transported through permeable TJ, we intravenously injected low molecular weight (3 kDa) dextran in combination with 6-CFDA. In wild-type mice, 3 kDa dextran remained in the vasculature, whereas it rapidly appeared in the abnormal bile canaliculi in LKB1 2/2 mice, confirming that junctional disruption resulted in paracellular exchange between the blood stream and the bile canaliculus. Conclusion: LKB1 plays a critical role in regulating the maintenance of TJ and paracellular permeability, which may explain how various drugs, chemicals, and metabolic states that inhibit the LKB1/AMPK pathway result in cholestasis. (HEPATOLOGY 2016;64:1317-1329 
H epatocytes have a unique polarized organization that includes up to three apical canalicular plasma membrane domains and a larger basolateral domain that faces the sinusoidal compartment of the hepatic vasculature. Segregation of these plasma membrane domains is achieved by formation of TJ between individual cells, which creates a paracellular diffusion barrier critical for proper organ function. (1, 2) TJ are composed of transmembrane pore forming barrier proteins including claudins and occludin that are linked to peripheral scaffolding proteins, such as zona occludens-1 (ZO-1). In turn, scaffolding proteins bind to regulatory proteins, such as cingulin, and cytoskeletal proteins, including myosin, that connect the scaffold with microtubules and actin. (2, 3) TJ permeability is regulated under various physiological conditions. (4) For example, vasopressin, epinephrine, and angiotensin increase TJ permeability in perfused rodent liver. (5) A similar effect is observed in pancreas in response to cholinergic stimulation. (6) Two general mechanisms for regulation of TJ permeability have been proposed. The first involves transcriptional regulation or posttranslational modification of junctional proteins. The second involves changes in the actin cytoskeleton that modify intercellular junction contacts and permeability. (4) Although it is accepted that claudins determine the size, charge, and conductance properties of the paracellular pathway, (2) the mechanisms regulating flux in the intact liver and the signaling molecules involved are not known. In vivo hepatic permeability is inferred based on the differential secretion of fluid phase probes with differential size such as inulin and sucrose. (7) However, direct visualization of paracellular transport in the intact liver has not been achieved.
The serine-threonine kinase and tumor suppressor LKB1 is a well-conserved key regulator of cell polarity, trafficking, and metabolism. (8) (9) (10) In an intestinal cell line, LKB1 induces polarity in the absence of cell-cell or cell-matrix cues (11) and is involved in establishment and maintenance of cell polarity in pancreas, (12) neurons, (13) bronchial epithelia, (14) and cultured hepatocytes. (15, 16) LKB1 activates a family of metabolic sensors called AMPK. In hepatocytes, activation of the LKB1-AMPK pathway enhanced bile canalicular formation, whereas inhibition resulted in loss of polarity and mislocalization of apical transporters such as Bsep. (15) (16) (17) In MDCK cells and cultured hepatocytes, AMPK regulates TJ assembly and disassembly in response to calcium depletion. (18, 19) LKB1-AMPK activation phosphorylates cingulin, a junctional component promoting interaction with microtubules. (20) However, it is not known whether or how the LKB1-AMPK pathway functions in the maintenance of established hepatocyte TJs in intact animals.
Due to the importance of TJ in cell polarity and the involvement of LKB1 in hepatocyte polarization, we investigated the role of LKB1 in TJ regulation and function in the intact liver. Using a combination of transmission electron microscopy (TEM), immunofluorescence, and intravital microscopy (IVM) to directly visualize biliary and paracellular transport, we determined that LKB1 plays a critical role in the regulation and maintenance of TJ structure and function in the intact liver.
Materials and Methods

REAGENTS AND ANTIBODIES
The rat monoclonal antibody against ZO-1 clone R40.76 was used. (21) Antibodies against claudin-1 (catalog no. 71-7800), claudin-3 (catalog no. 34-1700), Rab11a (catalog no. 71-5300) and rhodamine phalloidin were obtained from Thermo Fisher Scientific (Waltham, MA). The rabbit polyclonal antibody against Par-3 was obtained from Milipore (catalog no. 07-330; Billerica, MA). The rabbit polyclonal antibody against Bsep was obtained from Kamiya Biomedical Company (catalog no. MC-333; Tukwila, WA). The rabbit antibody against cingulin was a gift from Sandra Citi (University of Geneva, Geneva, Switzerland), (22) and the Myosin Vb was a gift from John Hammer (NHLBI, NIH). (23) Rabbit anti-LKB1 (catalog no. CST3047), anti-AMPK (catalog no. CST2532), and anti-phospho-Thr172 AMPK (catalog nos. pAMPK and CST2535) antibodies were purchased from Cell Signaling Technology (Danvers, MA). Mouse anti-a-tubulin (catalog no. T6199) was obtained from Sigma-Aldrich.
LIVER-SPECIFIC LKB1
2/2 MICE
The generation and maintenance of liver-specific LKB1 2/2 mice (NCI mouse repository; MGI: 2387402) have been described before. (17, 24) Briefly, liver- 
TISSUE SECTIONS AND IMMUNOFLUORESCENCE
Livers were excised and snap frozen in liquid nitrogen. Frozen sections were prepared by the National Heart, Lung, and Blood Institute Pathology Core. Tissue sections were fixed in 100% methanol for 20 minutes at 2208C and then rehydrated in phosphatebuffered saline (PBS) for 30 minutes at 48C. Sections were blocked in PBS containing 1% bovine serum albumin and 5% normal goat serum for 20 minutes at room temperature, followed by incubation with primary antibodies for 60 minutes at room temperature. Sections were washed three times for 10 minutes with the blocking solution, followed by incubation with fluorescent-labeled secondary antibodies (Cy2, Cy3, or Cy5-labeled; Jackson Immunoresearch, West Grove, PA) for 60 minutes at room temperature. Sections were washed and mounted with Mowiol 4-88 (catalog no. 81381; Sigma Aldrich, St. Louis, MO) containing 1% n-propyl gallate. For Rab11a and phalloidin labeling with ZO-1, tissue sections were fixed in 1% paraformaldehyde in CSK buffer (10 mM 1,4-piperazinediethanesulfonic acid, pH 6.8, 100 mM KCl, 300 mM sucrose, 2 mM MgCl 2 , and 2 mM ethylene glycol tetraacetic acid) for 20 minutes at 48C, permeabilized with 0.2% Triton X-100 (10 minutes), quenched with 50 mM NH 4 Cl (10 minutes), and blocked in 2% normal goat serum in PBS for 60 minutes. Primary and secondary antibody incubations were performed as above.
WESTERN BLOT ANALYSIS
Frozen liver tissue was lysed in RIPA buffer (150 mM NaCl, 0.1% Triton X-100, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate, and 50 mM Tris-HCl pH 8.0) containing protease inhibitor cocktail and was homogenized using ceramic beads with electric tissue homogenizer (Bertin Technologies) at 5000 rpm for 20 seconds, followed by centrifugation at 13,000 rpm at 48C for 20 minutes. Then, 20 lg of protein were separated on 4%-20% gel (Bio-Rad, Hercules, CA) sodium dodecyl sulfate-polyacrylamide gel electrophoresis at 100 V for 90 minutes. Proteins were transferred on ice for 1 hour at 100 V to nitrocellulose membrane, which was subsequently blocked in 5% milk-TBS for 1 hour. Membranes were incubated with primary antibodies overnight at 48C, followed by washing in TBST, and incubation with secondary HRPconjugated antibodies for 1 hour at room temperature. Membranes were washed again with TBST before protein was detected with SuperSignal West Femto Maximum Sensitivity Substrate (ThermoFischer Scientific). Films were scanned using EPSON Perfection V700 scanner and quantification of band densitometry was measured with ImageJ standard gel analysis. The mean 6 SD was calculated from three individual experiments, and a Student t test was used for P value calculation.
TEM
Small liver samples (1 mm 3 maximum) were fixed for 1.5 hours in 2% (wt/vol) formaldehyde and 2% (wt/vol) glutaraldehyde in 0.1 M sodium cacodylate (pH 7.2), postfixed in 1% aqueous OsO 4 , and stained en bloc with 2% (wt/vol) uranyl acetate. Samples were further dehydrated with a series of ethanol concentrations, penetrated with EMbed 812 (Electron Microscopy Sciences, Hatfield, PA) and placed in flat molds. The resin was subsequently polymerized at 658C for 60 hours. Thin (70-nm) sections were cut using a Leica EM UC7 microtome and were stained with uranyl acetate and lead citrate. The samples were examined on an FEI Tecnai 20 TEM operated at 120 kV, and images were recorded on an AMT CCD camera.
IVM OF THE LIVER
Mice at 21-23 days after birth were anesthetized by way of an intraperitoneal injection of 100 mg/kg ketamine (Fort Dodge Animal Health, Fort Dodge, IA) and 20 mg/kg xylazine (Akorn Inc., Decatur, IL) for control mice (approximately 8 g) and 25 mg/kg ketamine and 5 mg/kg xylazine for LKB1 2/2 mice (approximately 4 g). Body temperature was monitored using a rectal probe. A total of 20 U heparin was injected intraperitoneally to avoid ischemia. The tip of the left lateral lobe of the liver was exposed by way of a 2-3 cm incision made along the ribcage. After cutting of the skin, the muscle was cut using a cauterizer to avoid bleeding. The incision was cooled with wet gauze. Qtracker 655 Vascular Label (ThermoFischer Scientific) was injected retro-orbitally, 20 lL per mouse, to visualize sinusoids and blood flow. For positioning of the mouse on the microscope stage, a piece of cardboard with a rectangle window large enough to surround the exposed lobe was taped to the microscope stage, which reduced motion artifacts due to heartbeat and respiration. The liver lobe was separated with a narrow gauze strip followed by application of waterbased 0.3% carbomer 940 gel (Snowdrift Farm, Tucson, AZ [also available from Lubrizon, Wickliffe, OH]) to prevent tissue dehydration during imaging. Additional fluorescent probes were administered by way of retro-orbital injection including 0.2 lg/g 6-carboxyfluorescein diacetate (6-CFDA; SigmaAldrich) or 3 kDa Texas Red dextran (ThermoFischer Scientific), 30 lL in control and 20 lL in LKB1 2/2 , as noted. Imaging was performed as described earlier using an IX81 inverted confocal microscope equipped with a Fluoview 1000 scanning head (OlympusAmerica, Center Valley, PA). (25) 6-Carboxyfluorescein (6-CF) and Alexa 488 were excited with a 488-nm laser, Texas Red-dextran and Alexa 594 were excited with a 561-nm laser, and Qtracker 655 was excited with a 633-nm laser. For the time-lapse imaging, 20-lm stacks with 1-lm step size were acquired every 2 minutes over the course of up to 1 hour. Timelapse series were acquired using a UPLSAPO 40XS, 40X N.A. 1.25 silicon oil objective (Olympus America).
IMAGE ANALYSIS AND QUANTIFICATION
Original OIF files were opened in ImageJ and corrected for three-dimensional drift as necessary.
Quantification of canaliculi width and length was performed on maximal projections of 5 lm z-stacks using ImageJ. At least three stacks from two independent control or LKB1 2/2 mice were used, and 30-45 cells were analyzed. The shortest distance between two opposite ZO-1-positive junctions (for canalicular width) or the maximal continuous ZO-1 labeling (for canalicular length) were measured. For canalicular width/length per cell, values obtained were summed and divided by the number of cells.
To measure 6-CF transport, sum projections were generated using ImageJ, background was subtracted and 6-CF mean fluorescence was measured. Fluorescence over time was plotted as the mean 6 SEM (control, n 5 4; LKB1 2/2 , n 5 3). To address the relationship between 6-CF and Qtracker 655 vascular label, stacks of images collected over time were analyzed in four dimensions with Imaris software v7.6.3 (Bitplane, Belfast, UK). Quantification of colocalization was assessed in three dimensions, and pixel codistribution was calculated for green and red fluorescent patterns. The degree of colocalization of 6-CF (green) and Qtracker (red) was quantified and expressed as a Pearson colocalization coefficient (1, perfect correlation or perfect colocalization; 0, no correlation; -1, perfect inverse correlation). For measurements of paracellular transport, 20 squares measuring 10 3 10 lm were drawn using ImageJ in the canalicular area based on 6-CF fluorescence. The regions were transferred to the 3-kDa dextran channel and mean intensity was measured. Mean and standard deviation over time of normalized mean fluorescence were calculated and presented in the graph. Similar results were obtained from three independent experiments.
Results
LOSS OF LKB1 LEADS TO ABNORMAL BILE CANALICULAR MORPHOLOGY
Liver-specific LKB1 knockout mice (LKB1 2/2 ) exhibit a severe phenotype, including weight loss, dehydration, and jaundice, and die approximately 28 days after birth. (17, 24) Therefore, mice at 21-23 days after birth were used in this study. Despite their clinical condition, hematoxylin and eosin staining of LKB1 2/2 liver sections showed no sign of inflammation or necrosis compared with controls (24) (Fig. 1A) , suggesting that the severe phenotype results from depletion of LKB1 in hepatocytes and is not secondary to hepatocellular necrosis or inflammation.
TEM studies were performed for qualitative evaluation of canalicular morphology. In 1-week-old control and LKB1
2/2 mice canalicular channels, well-defined canaliculi, microvilli, and TJs were observed (Fig. 1B) , which is consistent with previous reports that LKB1 protein depletion is initially detected 10-14 days after birth. (17, 24) Similarly, liver sections from 3-week-old control mice displayed normal morphology, including clearly identified TJs (Fig. 1C, upper panel) . However, in LKB1
2/2 liver sections, TJs were reduced in number and were difficult to recognize (Fig. 1C, lower panel) . The canalicular spaces extended into the lateral membrane domain of the hepatocytes (Fig. 1D ). Bile canaliculi with normal appearance were occasionally observed in LKB1 2/2 mice due to regional heterogeneity.
LKB1 DEPLETION RESULTS IN DISRUPTED TJ STRUCTURE AND MISLOCALIZATION OF CINGULIN
To investigate the role of LKB1 in TJ maintenance in hepatocytes, we initially evaluated the distribution of ZO-1, which links junctional barrier proteins, such as claudins, to the actin cytoskeleton (2) (Fig. 2) . Liver tissue sections from control and LKB1-deficient mice were processed for immunofluorescence as described in the Materials and Methods section. ZO-1 staining labeled the borders of the canaliculi in control mice with the typical linear morphology. However, in LKB1 2/2 mice, ZO-1 staining was tortuous and disorganized. Quantification of canalicular morphology based on ZO-1 labeling revealed that LKB1 2/2 mice had significantly longer and wider canaliculi compared with control mice (Fig. 2) .
To evaluate further TJ structure, we examined the distribution of filamentous actin using phalloidin labeling. As expected, the actin cytoskeleton was associated with TJ primarily in control liver sections and colocalized with ZO-1 staining (Fig. 3A,B) . In the absence of LKB1, actin colocalization with ZO-1 was unchanged; however, similar to ZO-1 staining, it revealed the disrupted morphology and distribution of the junctions (Fig. 3B) . Next, we labeled the transmembrane TJ protein, claudin-1. In control mouse sections, claudin-1 had a linear pattern similar to (but not overlapping with) ZO-1, which is consistent with the fact that the former is a transmembrane apical protein and the latter is cytosolic. In LKB1 2/2 mice, claudin-1 showed disorganized distribution highlighting the significantly wider canaliculi and was also observed in internal compartments (Fig. 3C) . Similar distribution was observed for claudin-3 ( Supporting  Fig. 1A) . The regulatory protein cingulin links TJ with the cytoskeleton, regulates signal transduction, (26) and has been identified as an AMPK effector. (20, 27) In control liver sections, cingulin localized in close proximity with ZO-1 at TJ. However, in LKB1 2/2 sections, cingulin was infrequently associated with TJ and was predominantly cytosolic (Fig. 3D) . Western blot analysis of phosphorylated AMPK levels revealed a significant reduction in phosphorylated AMPK levels in the absence of LKB1, which may explain the altered distribution of cingulin (Fig. 3E) .
Previous reports noted the delayed trafficking of the apical transporter Bsep in the absence of LKB1. (17, 24) In control liver sections, Bsep localized to apical membranes, whereas ZO-1 highlighted the adjacent TJ (Supporting Fig. 1B ). In the absence of LKB1, Bsep was observed in internal compartments and only partially localized to apical membranes (Supporting Fig.  1B) . Additionally, residual Bsep that was properly transported to the apical membrane highlighted the much-widened apical domain (Supporting Fig. 1B) . bCatenin, a major component of adherens junctions,
FIG. 2.
Loss of LKB1 leads to changes in canalicular morphology. Liver sections were stained with ZO-1 antibody in control and LKB1 2/2 mice left top and bottom panels, respectively. Insets on the right depict a higher magnification of the boxed area. Scale bar: 10 lm. ZO-1 labeling was used for indirect evaluation of canalicular width and length. For canalicular length (bottom left), a mean of 15.30 6 1.17 (n 5 43) was measured in control mice (black bar), whereas a mean of 27.53 6 2.12 (n 5 34) was measured in LKB1 2/2 mice (gray bar). ****P < 0.0001. For canalicular width (bottom right), a mean of 1.24 6 0.08 (n 5 29) was measured in control (black bar) while 1.91 6 0.1 (n 5 36) was measured in LKB1 2/2 (gray bar). ****P < 0.0001. Similar results were obtained from three independent experiments. Abbreviations: CON, control; KO, knockout. 2/2 (lower panels) were stained with phalloidin, claudin-1, or cingulin and ZO-1 antibodies. Note the redistribution of cingulin to the cytosol in LKB1 2/2 mice compared with control mice. Scale bar: 10 lm. (E) Western blot analysis of LKB1, AMPK, and pAMPK. Total cell lysates of livers from control and LKB1 2/2 mice were immunoblotted to determine levels of LKB1, AMPK, and phospho-Thr172 AMPK (pAMPK). Representative western blots are shown. Quantification of pAMPK/AMPK from three independent experiments was plotted as the mean 6 SEM (control 1.33 6 0.23; LKB1 2/2 0.31 6 0.11; P < 0.005).
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had comparable distribution in control and LKB1
2/2 mice (Supporting Fig. 1C ). LKB1 regulates polarity in part through the regulation of membrane trafficking. (17, 28) Therefore, we determined the distribution of Rab11a and Myosin Vb (recycling endosomes) and Par-3 (polarity regulating protein). Under control conditions, Rab11a and Myosin Vb are localized in apical recycling endosomes adjacent to apical membranes, whereas Par3 localized to TJ with ZO-1. Loss of LKB1 revealed only minor changes in their distribution (Supporting Fig. 1D-1F) .
Our findings show that the TJ proteins claudin-1, claudin-3, and actin remained associated with the abnormal junctions in the absence of LKB1, whereas cingulin lost association with TJ and became mostly cytosolic.
DELAYED CANALICULAR SECRETION IN LKB1-DEFICIENT MICE
To test junctional barrier function, we adopted a previously described method to evaluate efflux transporter activity using 6-CFDA and IVM. (29, 30) 6-CFDA is a nonfluorescent, membrane-permeant probe. Deacetylation of 6-CFDA in the cytosol of hepatocytes yields a fluorescent, charged molecule, 6-CF, that is visible and membrane-impermeant. Consequently, 6-CF is secreted into the bile canaliculi by ABCC2 and fluorescence can be used to quantitatively measure transporter activity.
For IVM, control and LKB1 2/2 mice were anesthetized and the left lobe of the liver was exposed as described in the Materials and Methods section. Prior to imaging, the vascular label Qtracker 655 was injected retro-orbitally to evaluate blood flow and identify regions for imaging. For time-lapse imaging, 20-lm stacks were acquired every 2 minutes for up to an hour. After acquisition of the first stack, 0.2 mg/kg 6-CFDA was retro-orbitally injected. Figure 4A shows single frames from control or LKB1 2/2 representative time lapses. For quantification of 6-CF fluorescence over time, sum projections were generated using ImageJ, as described in the Materials and Methods section. Mean fluorescence of 6-CF from entire frames over time was plotted as the mean 6 SEM (control, n 5 4; LKB1 2/2 , n 5 3 [ Fig. 3B]) . In control mice, 6-CF fluorescence increased sharply in the first 2 minutes and peaked at 4-6 minutes (Fig. 4B) . Fluorescence originated from both hepatocytes cytosol and bile canaliculi (Fig. 4A) . Subsequently, a gradual decrease in fluorescence was observed representing transport of 6-CF from the cytosol into the canaliculus followed by excretion and loss of 6-CF signal by 50 minutes after injection (data not shown). In LKB1 2/2 mice, 6-CF largely remained in hepatocytes (compare 6-CF fluorescence at 34 minutes after injection in control and LKB1
2/2 mice); its secretion was greatly delayed likely due to mislocalization of the transporter. The lower fluorescence intensity observed in LKB1 2/2 mice could be due to changes in pH. Surprisingly, although 6-CF excretion was delayed, green fluorescence appeared in the blood and accumulated over time (Fig. 4A, inset) . This was confirmed in colocalization analysis of 6-CF with respect to the vasculature marker (Qtracker 655). Following the analysis, Pearson's coefficient was calculated (1, perfect correlation or perfect colocalization; 0, no correlation; -1, perfect inverse correlation). Figure 4C presents the Pearson's coefficient values from one control mouse and one LKB1 2/2 mouse over the course of the respective experiments. In the control, Pearson's coefficient values ranged from 20.0858 to 20.0039, indicating no correlation between the two channels. In the LKB1 2/2 mouse, the range was 0.2243-0.4097. Notably, LKB1 2/2 mice had relatively high basal Pearson's coefficient values due to elevated serum bilirubin levels, resulting in background fluorescence. (17, 24) However, Pearson's coefficient increased over time, demonstrating increased colocalization of 6-CF labeling with 2/2 (lower panels) are presented. Blood flow and sinusoid space were visualized with Qtracker 655 probe (red) that was injected systemically before imaging. To measure biliary excretion, 6-CFDA was injected after acquisition of the first z-stack. Note that there were fewer canalicular structures in LKB1 2/2 mice (arrowheads) and 6-CF signal from hepatocytes was observed throughout, suggesting delayed excretion compared with control mice. Inset: Qtracker and 6-CF label the vasculature and canaliculi, respectively, in control mice; in LKB1 2/2 mice, they overlapped in blood vessels (white arrowheads). Scale bar: 50 lm. Qtracker. This overall trend was observed in four control mice and three LKB1 2/2 mice, as shown in Fig. 4D .
Theoretically, 6-CF may be transported from hepatocytes directly back to the blood or diffuse from the canalicular space through permeable TJ. We showed FIG. 5. IVM of TJs permeability and the paracellular pathway. (A) Mice were anesthetized and positioned on the microscope stage for IVM of the liver as described in the Materials and Methods section. Blood flow and sinusoid space were visualized with a Qtracker 655 probe (not shown) that was injected systemically prior to imaging. 3 kDa dextran and 6-CFDA were injected after acquisition of the first z-stack. Volume rendering of the different probes was generated; a single frame of 3 kDa dextran (red) or an overlay of 3 kDa and 6-CF (green) are shown. The enlarged inset in the lower panel corresponds to the boxed area in the upper panel. Note that in LKB1 2/2 , but not control, 3 kDa dextran is present in the canaliculi area also labeled by 6-CF (white arrowheads). Scale bar: 50 lm. (B) Measurement of 3 kDa dextran in the bile canaliculi area was plotted as the mean 6 SD of 20 regions for representative control mice (blue) or LKB1 2/2 mice (red). Similar results were obtained in three independent experiments. (C) Proposed model summarizing the experimental observations. LKB1-deficient mice had reduced levels of phosphorylated AMPK levels, which may be the cause of the observed abnormal canaliculi morphology and distribution of TJ proteins. Notably, the apical pole extended into the lateral domain of hepatocytes and the junctional regulatory protein, cingulin (orange), localized primarily in the cytosol. Mislocalization of additional TJ proteins, and membrane trafficking regulators may explain the delayed biliary excretion. Mixing of biliary (green in control mice) and blood (red in control mice) content (represented as yellow) was observed in LKB1-deficient mice.
previously that expression of the basolateral ABCC3 and ABCC4, which can transport organic anions from liver into the circulation, was not induced. (17) Therefore, we postulated that 6-CF might be returned to the circulation through permeable TJs by way of the paracellular pathway.
LKB1 REGULATES PARACELLULAR PERMEABILITY IN THE LIVER
To test the possibility that permeability of TJs increase in the absence of LKB1, we modified the previously described IVM approach by adding a low molecular weight Texas red-dextran [3 kDa; Stokes radius 2.6 nm (31) ]. If TJs are permeable and solutes can diffuse from the bile canaliculi into the blood, then the 3 kDa dextran injected systemically would have access into the canalicular space.
To explore this possibility, control and LKB1
2/2
mice livers were imaged in vivo. Blood flow was visualized using Qtracker 655 followed by injection of 6-CFDA to identify canaliculi and 3 kDa dextran to evaluate TJ permeability. (32) In control mice, 3 kDa dextran remained in the vasculature throughout the experiment and was never observed to coincide with 6-CF in the canalicular space ( Fig. 5 and Supporting Movie S3). However, in LKB1 2/2 liver, 3kDa dextran rapidly (2 minutes after injection) appeared in the canalicular space and accumulated over time ( Fig. 5 and Supporting Movie S4). Quantification of 3 kDa dextran fluorescence in the canalicular area was measured based on 6-CF accumulation, and intensity over time revealed that whereas 3 kDa dextran does not accumulate in the canalicular space in control mice, it increases rapidly in LKB1 2/2 mice. These results suggest that LKB1 may be involved in the regulation of paracellular permeability.
Discussion
AMPK is a key substrate of LKB1. Following phosphorylation of threonine 172, active AMPK regulates multiple metabolic effects, including polarity and mitochondrial dynamics. (33) AMPK activates a large number of downstream targets, including cingulin, (20, 27) Par-1, (34) and CLIP170, a plus-end microtubular protein. (35) In addition, AMPK indirectly regulates ATP synthesis by mitochondria by increasing cellular glucose uptake and glycolysis (10) and upregulating mitochondrial biogenesis (36) and directly by regulating mitochondrial fusion to enhance ATP synthesis by oxidative phosphorylation. (37) (38) (39) Notably, AMPK phosphorylation was reduced significantly in LKB1 2/2 mouse liver (Fig. 3E) . Therefore, although several mechanisms may be responsible for the multiple cellular effects observed after LKB1 depletion, it is likely that AMPK is responsible for the observed effects on TJ structure and function.
TJ structure and regulation are complex, as reviewed elsewhere (2) and schematized in Fig. 3A . Notably, TJ create the functional barrier, which restricts paracellular movement of water and solutes between blood and bile. (2, 4, 40) Transmembrane proteins seal TJ by interacting with partners on adjacent cells and also bind directly to the scaffolding protein ZO-1 at the TJ. In turn, ZO-1 binds directly to peri-junctional F-actin and other components of the cytoskeleton and is proposed to coordinate barrier function with cytoskeletal changes. (41) Dynamic coupling between the barrier and the cytoskeleton is presumably required since the TJ must maintain an Ångstr€ om-level paracellular seal in the face of continuous intercellular movements, apoptosis, and epithelial restitution. (42) Although the physiological cues that lead to LKB1 activation are not known, it is possible that signaling pathways downstream of LKB1 regulate paracellular flux via changes in actin organization, actomyosin contractility, or occluding. (43, 44) Extensive TEM study of liver specimens revealed a substantial paucity of bile canaliculi and TJ in LKB1-deficient mice. Remarkably, this was associated with extension of bile canaliculi with abundant microvilli into the normal lateral plasma membrane domain at one or both borders of the canalicular membrane. While major disruptions in canalicular morphology were observed, the TJ components investigated show only modestly diminished fidelity in their subcellular localization with the exception of cingulin. Cingulin, which is an AMPK target (27) and associates with microtubules in response to AMPK phosphorylation, (20) loses TJ localization and is widely distributed throughout the cytoplasm (Fig. 3D) . In contrast, ZO-1, claudin-1, claudin-3, and actin remain mostly associated with the residual canalicular structures and show only minor redistribution to other areas of the cell (Fig. 2, Fig. 3B ,C, and Supporting Fig.  1A ). Detailed mechanistic study of the role of LKB1 in TJ function will require substantial study beyond the scope of the present report.
The phenotype observed in LKB1 2/2 mice is primarily functional and is not associated with hepatocellular necrosis or inflammation (24) (Fig. 1A) . The major effects are metabolic, probably involving the multiple roles of AMPK, (36) and are manifested by weight loss and death. Jaundice also largely results from canalicular and junctional defects. (45) Various experimental and clinical cholestatic disorders are associated with increased expression of ABCC3 and C4, which localize to the sinusoidal plasma membrane domain of hepatocytes and facilitate transport of retained conjugated bilirubin from liver back into the circulation. In LKB1 2/2 mouse liver, expression of these normally quiescent transporters was not increased. (17) An alternative or additional mechanism by which conjugated bilirubin can be transferred from bile into the circulation is through permeable TJs by way of the paracellular pathway. Interestingly, Schossleitner et al. (46) demonstrated recently that cingulin regulates endothelial barrier function and that loss of cingulin from TJ results in increased junctional permeability.
Demonstration and quantification of the paracellular pathway in liver is rendered difficult due to instability of hepatocyte cultures. In perfused liver, the paracellular pathway is examined by calculating plasma to bile ratio of fluid phase probes varying in size. (7) To date, no direct visualization and measurement of hepatic TJ permeability have been demonstrated in vivo. The present study demonstrates direct dynamic transfer of 3 kDa dextran from the blood to the canalicular space in LKB1 2/2 liver but not in control mouse liver (Fig. 5 ). These observations reveal paracellular permeability and are consistent with appearance of 6-CF in sinusoidal blood following its uptake and secretion by hepatocytes in LKB1 2/2 mouse liver ( Fig. 4A [inset] and Fig. 4C ). The Stokes radius of 3 kDa dextran is 2.6 nm, (31) indicating that the TJ opening in LKB1 2/2 mouse liver exceeds this dimension. It may be possible to quantify TJ permeability change using dextrans of different sizes.
IVM of the liver was initially described in the early 1950s by Hanzon (47) but was subsequently neglected. Technical advances in microscopy, deep tissue imaging, fluorescent probes, transgenic animal models, and image analysis have made in situ studies of subcellular, cellular, and tissue processes within a living organism possible. (30, 48) Importantly, concepts derived from cell cultures and other species can be evaluated at the organ level under varied developmental, experimental, and genetic conditions. In the present study, we used transgenic LKB1 2/2 mice; however, virtually any transgenic mouse can be studied similarly under varied experimental conditions. Finally, IVM offers an opportunity to bridge the knowledge gap between the cell, organ, and organism to better understand physiological and pathological processes.
The present study reveals that LKB1 is essential for regulating TJ and paracellular permeability. These findings are relevant to the pathogenesis of cholestasis induced by drugs, chemicals, viruses, and metabolic states, which inhibit the LKB1 pathway.
